The androgen receptor (AR) is a ligand-regulated transcription factor that stimulates cell growth and differentiation in androgen-responsive tissues. The AR N terminus contains two activation functions (AF-1a and AF-1b) that are necessary for maximal transcriptional enhancement by the receptor; however, the mechanisms and components regulating AR transcriptional activation are not fully understood. We sought to identify novel factors that interact with the AR N terminus from an androgen-stimulated human prostate cancer cell library using a yeast two-hybrid approach designed to identify proteins that interact with transcriptional activation domains. A 157-amino acid protein termed ART-27 was cloned and shown to interact predominantly with the AR , containing AF-1a and a part of AF-1b, localize to the nucleus and increase the transcriptional activity of AR when overexpressed in cultured mammalian cells. ART-27 also enhanced the transcriptional activation by AR fused to the LexA DNA-binding domain but not other AR N-terminal subdomains, suggesting that ART-27 exerts its effect via an interaction with a defined region of the AR N terminus. ART-27 interacts with AR in nuclear extracts from LNCaP cells in a ligand-independent manner. Interestingly, velocity gradient sedimentation of HeLa nuclear extracts suggests that native ART-27 is part of a multiprotein complex. ART-27 is expressed in a variety of human tissues, including sites of androgen action such as prostate and skeletal muscle, and is conserved throughout evolution. Thus, ART-27 is a novel cofactor that interacts with the AR N terminus and plays a role in facilitating receptor-induced transcriptional activation.
INTRODUCTION
The androgen receptor (AR) is a member of the steroid receptor (SR) family of transcriptional regulatory proteins that transduces the signaling information conveyed by androgens (Wilson et al., 1991; Chang et al., 1995) . On androgen binding, the AR is released from the repressive effects of an Hsp90-based regulatory complex, allowing the receptor to either activate or inhibit transcription of target genes (Picard et al., 1990; Jenster et al., 1991 Jenster et al., , 1992 Duina et al., 1996; Fang et al., 1996 Fang et al., , 1998 Segnitz and Gehring, 1997) . In addition to its role in male sex determination, AR mediates normal prostate development as well as malignant growth by regulating genes and signaling pathways involved in cellular proliferation Hakimi et al., 1996; Trapman and Brinkmann, 1996; Jenster, 1999) .
The mechanisms underlying the specificity of AR regulation of gene expression remain enigmatic. The DNA-binding domain of AR is highly conserved among SRs and recognizes the same hormone response element (HRE) as does the glucocorticoid receptor (GR). Although subtle preferences for particular HREs may contribute to the specificity of AR-mediated transcriptional response (Nelson et al., 1999; Schoenmakers et al., 2000) , recent evidence suggests that the AR cell-and promoter-specific regulation is generated through interactions with regulatory proteins termed coactivators and corepressors (Cleutjens et al., 1997; Scheller et al., 1998) . For instance, agonist binding to the AR C-terminal activation function-2 (AF-2) promotes a conformational change and the formation of a surface for protein-protein contacts between AF-2 and additional transcriptional regulatory factors, which, in turn, modulate the transcriptional activity of target genes (Onate et al., 1995; Smith et al., 1996; Voegel et al., 1996; Yeh and Chang, 1996; Chen et al., 1997; Hong et al., 1997; Li et al., 1997; Torchia et al., 1997; Kang et al., 1999) . Because the growing number of SR coactivators and corepressors appear to function widely across the SR DOI: 10.1091/mbc.01-10-0513. * Corresponding author. E-mail address: garabm01@med.nyu.edu. family with conserved AF-2 regions (Glass and Rosenfeld, 2000) , it is unlikely that these factors alone determine specificity of receptor transcriptional regulation. In contrast, the N-terminal transcriptional regulatory regions, which are diverse throughout the SR family, may represent an important determinant of SR specificity, conceivably through the recruitment of distinct coregulators. Indeed, Hittelman et al. (1999) recently identified DRIP150 as a GR N-terminal coactivator that does not interact with the N termini of other SRs, including AR. However, the mechanisms of transcriptional activation by the AR N terminus are not well understood, and although the list of proteins proposed to bind to the AR N terminus is expanding (Gelman et al., 1999; Hsiao and Chang, 1999; Ma et al., 1999; Lee et al., 2000) , it is likely that additional AR-binding partners remain to be identified.
Regions of the AR N terminus important for transcriptional activation have been identified by expressing and analyzing receptor deletion derivatives or fusion proteins in mammalian cells and in cell-free systems. At least two distinct activation domains within the AR N terminus have been identified, AF-1a (residues 154 -167) and AF-1b (residues 295-459), both of which are required for full transcriptional activation mediated by the receptor (Chamberlain et al., 1996) . The AR N-terminal residues 142-485 have also been shown to activate a minimal promoter construct in a cell-free transcription system and to selectively interact with the transcription factors TFIIF and the TATA-binding protein (TBP), suggesting a direct contact with the general transcription factors (McEwan and Gustafsson, 1997) . Proteinprotein interaction studies have recently suggested contacts between the AR N terminus and the TATA-element modulating factor, or ARA160, which increases AR transcriptional activity when overexpressed in certain cell types (Hsiao and Chang, 1999) .
Interestingly, the growth of both normal and tumoregenic prostate cells is regulated by AR. A number of prostate cell lines display elevated AR-dependent transcriptional activation relative to nonprostatic cell lines; the AR N terminus appears responsible for this enhanced receptor activity (Gordon et al., 1995) , suggesting the existence of cofactors that modulate transcriptional activation by the AR N-terminal activation domain in prostate epithelial cells. Together, the current data support the notion that the AR N terminus contains multiple surfaces capable of interaction with general transcription factors and possibly additional adapter proteins. Recently, a patient with androgen insensitivity syndrome was described whose cells lack AR transcriptional activity, probably through the loss of an as yet unidentified AR N-terminal cofactor (Adachi et al., 2000) , underscoring the importance of the AR N terminus and associated factors in human disease.
In a yeast two-hybrid screen designed to identify factors that interact with transcriptional activation domains, we isolated from an androgen-stimulated prostate cancer cell library a novel factor that associates with the AR N terminus. We examined the specificity and molecular determinants of this interaction and characterized the effects on SR-dependent transcriptional activation in mammalian cells.
MATERIALS AND METHODS

Construction of Plasmids
Yeast expression vectors for the LexA-AR fusion protein, LexA-AR 18 -500 , was created by digesting the rat AR N terminus with EcoRI-XhoI and subcloned into the pEG202 vector that was digested with EcoRI-XhoI. The subregions of the rat AR N terminus (LexA-AR 18 -156 , , and LexA-AR 336 -500 ) were generated as follows: for LexA-AR 18 -156 , pEG202:AR 18 -500 was digested with EcoRI-PvuII and the insert was ligated into pEG202, which was digested with NotI, the 5Ј overhang filled in with Klenow fragment, and EcoRI; for LexA-AR 153-336 , pEG202:AR 18 -500 was digested with BstYIAflII, filled in with Klenow, and ligated into pEG202, which was digested with BamHI-XhoI with ends filled in; for LexA-AR 336 -500 , pEG202:AR 18 -500 was digested with BstYI-XhoI and the insert was ligated into pEG202, which was digested with BamHI-XhoI. For mammalian expression, the LexA DNA-binding domain AR N-terminal fusions were excised with HindIII-XhoI, and the insert was ligated into pcDNA3. Yeast two-hybrid "bait" proteins, B42-AR 18 -156 , B42-AR 153-336 , B42-AR 336 -500 , and B42-AR 18 -500 were constructed by subcloning respective EcoRI-XhoI fragments from pEG202 into the corresponding sites in pJG4-5. The LexA-LNCaP cell cDNA library was purchased from Origene Technologies (Rockville, MD). The AR 579 -901 was PCR amplified using the following primers: (forward with a BglII site) 5Ј-AGATCTTAAGCAGAAATGATTGCACCATTG-3Ј and (reverse with an XhoI site) 5Ј-GTAGATAAAGGTGTGTGTCACT-GAGCTC-3Ј, ligated into pGEM:T-easy (Promega, Madison, WI), excised with BglII-XhoI, and the insert was ligated into pEG202, which was digested with BamHI-XhoI. pEG202:AR 579 -901 was then digested with EcoRI-XhoI and the insert was ligated into pJG4-5.
The LexA-ART-27 (androgen receptor trapped clone 27) C-terminal truncations 1-45, 1-67, and 1-127 were constructed by digesting pEG202:ART-27 with PvuII, BspMI, and StyI, respectively, filling in their 5Ј-overhangs, digesting with MluI, and ligating the inserts into pEG202, which was digested with NotI/Klenow-MluI. The LexA-ART-27 N-terminal truncations 46 -157, 68 -157, and 127-157 were constructed as follows: for LexA-ART-27 46 -157 , pEG202:ART-27 was digested with PvuII-XhoI and ligated into pEG202, which was digested with BamHI/Klenow and XhoI; for LexA-ART-27 68 -157 , pEG202:ART-27 was digested with BspMI/Klenow and XhoI, and the insert was ligated into pEG202, which was digested with BamHI/Klenow and XhoI; for LexA-ART-27 127-157 , pEG202:ART-27 was digested with StyI/Klenow and XbaI, and the insert was ligated into pEG202, which was digested with EcoRI/Klenow and XbaI. For LexA-ART-27 1-45/127-157 , PCR primers were designed as follows: ART-27 1-45 (forward pEG202 primer) 5Ј-TTGGGGTTATTCG-CAACGG-3Ј, (reverse with BamHI site) 5Ј-GAACTGGATCCCT-GCTCATATACCTTGTCTCGATG-3Ј; ART-27 127-157 (forward with BamHI site) 5Ј-GAACTGGATCCACCAAGGACTCCATG-3Ј, (reverse pEG202 primer) 5Ј-CGGAATTAGCTTGGCTGC-3Ј. The two separate fragments were PCR amplified, and the resulting products were digested as follows: ART-27 1-45 with EcoRI-BamHI, with BamHI-XhoI, and the two inserts were ligated together into pEG202, which was digested with EcoRI-XhoI. For mammalian expression, the pEG202:ART-27 was digested with EcoRI-XhoI and subcloned into a pcDNA3 vector that has an N-terminal hemagglutinin (HA) epitope (pcDNA3-HA).
pJG4 -5:Sp1A 83-262 , pJG4 -5:Sp1B 263-542 , pJG4 -5:TAF130 270 -700 , and pJG4 -5:CREB 3-296 were provided by N. Tanese (New York University School of Medicine, New York). pJG4 -5:SRC-1 374 -800 was provided by H. Samuels (New York University School of Medicine). pJG4 -5:GR 107-237 , pJG4 -5:GR 107-237 30IIB, and pJG4 -5:VP16 were previously described (Hittelman et al., 1999) . The pJK103 reporter plasmid, which contains a single LexA operator linked to ␤-galactosidase, was used in activity assays of the LexA fusion proteins and in the modified two-hybrid assay. The p⌬4X-LALOluciferase reporter plasmid, which contains four LexA operators upstream of a minimal Drosophila alcohol dehydrogenase promoter linked to luciferase, was used in mammalian activity assays to monitor the intrinsic transcriptional activity of the LexA fusion proteins. The pcDNA3:hAR expression plasmid was used to produce full-length human AR, pMMTV:luciferase reporter was used to assay AR transcriptional activity, and pCMV:LacZ constitutively expressed ␤-galactosidase, a marker for transfection efficiency. Other receptor expression plasmids include pcDNA3-human estrogen receptor (ER)-␣, pCMV5-human ER␤ (Su et al., 2001) , and pRep4-human thyroid hormone receptor ␤-1 (TR␤-1). The ER (XETL) and TR (pGL3-DR4) reporter plasmids have been previously described (Sharif and Privalsky, 1992; Su et al., 2001 ).
Modified Yeast Two-Hybrid System
To identify proteins that interact with AR N terminus, we used a modification of the yeast two-hybrid system that allows for the selection of proteins that interact with transcriptional activators (Hittelman et al., 1999) . Linking amino acids 18 -500 of the rat AR to the B42 activation domain created the AR "bait" (pJG4 -5:AR 18 -500 ). The "prey" is created by fusing an androgen-stimulated LNCaP cell cDNA library to the LexA DNA-binding domain (pEG202:LNCaP cell cDNA library) rather than to an activation domain. The yeast strain EGY188 was transformed by the lithium acetate method with 1) pJG4 -5:AR 18 -500 , 2) pEG202:LNCaP cell cDNA library, and 3) pJK103, a ␤-galactosidase reporter gene with a single LexA operator. Potential interacting proteins were selected by plating the cDNA library expressing transformants onto leu Ϫ /X-gal ϩ galactose plates. Library proteins that interact with AR stimulate expression of Lex-responsive Leu2 and ␤-galactosidase reporter genes. To eliminate library plasmids that may possess intrinsic activation potential, Leu2 ϩ /LacZ ϩ colonies were replica plated onto glucose plates, conditions in which the AR protein is not expressed. Colonies that activated ␤-galactosidase expression on galactose plates, when AR is expressed, but not glucose plates, were deemed true interactors and further analyzed.
Quantitative Liquid ␤-Galactosidase Assay
Yeasts were grown in selective liquid media containing 2% glucose for ϳ12 h, pelleted, washed once with sterile H 2 O, normalized to cell number, and resuspended to an optical density (OD 600 ) of 0.15 in 2% galactose/1% raffinose. ␤-Galactosidase assays were performed 12 h later as described previously (Garabedian and Yamamoto, 1992) .
Mammalian Cell Culture and Transient Transfection Assays
A human cervical carcinoma cell line (HeLa), a human prostate cancer cell line (PC-3), and SV40 T-antigen expressing monkey kidney cells (COS-1) were obtained from the American Type Culture Collection and maintained in DMEM (Invitrogen, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS; Hyclone Laboratories, Logan, UT), 50 U/ml each of penicillin and streptomycin (Invitrogen), and 2 mM l-glutamine (Invitrogen). The androgen-dependent prostate cancer cell line (LNCaP) was maintained in RPMI-1640 (Invitrogen) supplemented with 10% FBS, 50 U/ml each penicillin and streptomycin, and 2 mM l-glutamine. For transfections, HeLa cells were seeded in 35-mm dishes at a density of 1.3 ϫ 10 5 , washed once with serum-free medium, and transfected with 0.2 g of pcDNA3:human AR, 0.1 g of pMMTV-Luc, 0.05 g of pCMV-LacZ, and the indicated amounts of pcDNA3:HA-ART-27 using 5 l of Lipofectamine reagent (Invitrogen) in a total volume of 1 ml of serum-free, phenol red-free DMEM per 35-mm dish according to the manufacturer's instructions. Approximately 4 h posttransfection, the transfection mixture was removed, and the cells were refed with 2 ml of DMEM-10% FBS, allowed to recover for 3-5 h, and fed again with fresh DMEM-10% FBS supplemented with 100 nM R1881, dexamethasone, 17␤-estradiol, triac, or an identical volume of 100% ethanol and incubated for 12 h. Transfected cells were washed once in phosphate-buffered saline (PBS) and harvested in 1X reporter lysis buffer (Promega) according to the manufacturer's instructions. PC-3 cells were seeded in 35-mm dishes at a density of 1.1 ϫ 10 5 and transfected as above. To assay the LexA-AR N terminus, 0.5 g of pcDNA3-LexA:AR derivatives, 1.0 g of pcDNA3-HA:ART-27 or empty vector, 1.0 g of p⌬4X-LALO reporter, and 0.25 g of pCMV-LacZ were transfected into HeLa cells that were transfected as above using 6 l of Lipofectamine per 35-mm dish. Luciferase activity was quantitated in a reaction mixture containing 25 mM glycylglycine, pH 7.8, 15 mM MgSO 4 , 1 mM ATP, 0.1 mg/ml bovine serum albumin (BSA), 1 mM dithiothreitol using a Lumen LB 9507 luminometer (EG&G Wallac, Gaithersburg, MD), and 1 mM d-luciferin (PharMingen, San Diego, CA) as substrate.
Preparation of the ART-27 Antibody
A 16-amino acid peptide that corresponds to the ART-27 C-terminal amino acids 142-157 (R-E-L-Q-G-L-Q-N-P-G-K-P-H-H) with an additional cysteine residue at the N terminus was synthesized by Anaspec (San Jose, CA), coupled to KLH, and used to immunize rabbits by Covance Research Products (Denver, PA). The IgG fraction was purified from the serum by protein A chromatography, and the ART-27 antibody was obtained by affinity purification using the ART-27 peptide immunogen coupled to Affi-gel 15 (Bio-Rad Laboratories, Hercules, CA) resin.
Northern Blotting
Cells were cultured in 100-mm dishes for the indicated periods of time with appropriate treatments (see figure legends), the media were aspirated, and the cells were lysed by adding 3 ml/dish of RNA STAT-60 reagent (Tel-Test, Friendswood, TX). Total RNA was isolated from cell homogenates according to the manufacturer's instructions, denatured at 65°C for 15 min, chilled on ice, and separated on a 1.2% agarose/6% formaldehyde denaturing gel (10 g RNA/lane). Equivalent loading was verified by ethidium bromide staining of rRNA. RNA was transferred to Duralon paper (Stratagene, San Diego, CA), UV cross-linked to the membrane, and hybridized to a cDNA probe using QuikHyb hybridization mixture (Stratagene) as described by the manufacturer. A 0.9-kb cDNA fragment encoding ART-27 was labeled with [␣- 32 P]dCTP (NEN, Boston, MA) using RediPrime random priming labeling kit (Amersham Pharmacia Biotech, Piscataway, NJ) using the manufacturer's instructions. Blots were washed and exposed to BioMax film (Kodak, Rochester, NY) at Ϫ80°C for autoradiography. Hybridization of ART-27 to a multiple tissue Northern blot membrane (CLONTECH, Palo Alto, CA) was performed according to the manufacturer's instructions.
Coimmunoprecipitation
Full-length AR and HA-ART-27 were translated in vitro using TNT Quick Coupled Transcription/Translation System (Promega) in the presence of [
35 S]methionine. The radiolabeled proteins were incubated as indicated in binding buffer (20 mM Tris, pH 7.9, 170 mM KCl, 20% glycerol, 0.2 mM EDTA, 0.05% Nonidet P-40, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, and 4 mg/ml BSA) for 1 h at 4°C. ␣-HA (12CA5, 1 g) antibody (Boehringer Mannheim, Indianapolis, IN) was incubated with the radiolabeled proteins for 1 h at 4°C. Protein A Sepharose Fast Flow beads (30 l, Amersham Pharmacia Biotech) were incubated with the respective reaction mixtures for 1 h at 4°C. The beads were washed three times in lysis buffer, resuspended in 2ϫ SDS sample buffer, and boiled for 3 min; the associated proteins were resolved by SDS-PAGE and visualized by autoradiography.
LNCaP-stable cell lines were generated that express ART-27 with a C-terminal FLAG epitope in an inducible manner (LNCaP-Teton-ART-27-FLAG cells). This line was created in two steps. First, LNCaP cells were transfected with the pTet-On vector using DOTAP (Roche, Summerville, NJ), and resistant colonies were selected at 500 g/ml Geneticin (Invitrogen). Clones were transferred to a 24-well dish coated with fibronectin (10 g/ml; Invitrogen), expanded, and screened for Tet-dependent activation by measuring pRevTRE-luciferase reporter gene activity in the absence and presence of 1 g/ml doxycyclin (Sigma). A LNCaP clone displaying tight Tet-dependent regulation was transfected with pRevTRE: ART-27 (C-FLAG) as above, and resistant colonies were selected at 150 g/ml hygromycin B (Invitrogen). Multiple clones were screened for Tet-dependent activation by immunoblotting for the FLAG epitope resident on ART-27 in the absence and presence of 1 g/ml doxycyclin. Small-scale nuclear extracts were prepared as described by Lee et al. (1988) from two confluent 100-mm dishes of LNCaP-Tet-on-ART-27-FLAG cells that had been induced overnight with 1 g/ml doxycyclin and either 10 nM R1881 or an equivalent volume of ethanol vehicle. The total protein concentration in the nuclear extracts was equalized with lysis buffer, and 10 l of either preimmune or immune ART-27 antisera were added. After incubation at 4°C for 1.5 h, 40 l of Protein A Sepharose Fast Flow beads (Amersham Pharmacia Biotech) were added and incubated for 1 h at 4°C. The immune complexes were washed three times in wash buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 10% glycerol, 1% Triton X-100), resuspended in 2ϫ SDS sample buffer, and boiled for 3 min; the associated proteins were resolved by SDS-PAGE, transferred to Immobilon paper (Millipore, Bedford, MA), and probed with either an AR polyclonal antibody (sc-816; Santa Cruz Biochemicals, Santa Cruz, CA) or an affinity-purified ART-27 antibody.
Immunoblotting
Yeast protein extracts were prepared from 2-ml cultures and lysed using glass beads as previously described (Knoblauch and Garabedian, 1999) . Lysates from mammalian cells were prepared as described by Hittelman et al. (1999) . For immunoblotting, HeLa cell nuclear extracts, which were untreated, phorbol 12-myrisate 13 acetate (TPA; 50 ng/ml) for 2 h before harvesting, or serum stimulated (cells cultured for 24 h in medium containing 0.5% serum and serum stimulated [20%] for 2 h before harvesting), and PC-3 cell nuclear extracts were purchased from Geneka Biotechnology (Montreal, Quebec, Canada). Large-scale HeLa cell nuclear extracts for the velocity gradient sedimentation analysis were prepared from the nuclei of 5 liters of HeLa cells (Cellex Biosciences, Minneapolis, MN) by the method of Dignam and Roeder (Dignam et al., 1983) . Protein concentration in extracts was normalized by the Bradford assay (Bio-Rad), separated on SDS/4 -20% polyacrylamide gels (Novex, San Diego, CA), and transferred to Immobilon paper. Membranes were probed with a polyclonal antibody against LexA (a gift from E. Golemis), a monoclonal antibody to HA (12CA5; Boehringer Mannheim), a monoclonal antibody to TBP (a gift from N. Tanese) or affinity-purified rabbit anti-ART-27 antibody. The blots were developed using horseradish peroxidase-coupled donkey anti-rabbit or sheep anti-mouse antibodies and enhanced chemiluminescence (ECL; Amersham-Pharmacia). Quantitative analysis of immunoblots was performed using the NIH image software package (version 1.62; National Institutes of Health, Bethesda, MD).
Immunofluorescence
HeLa cells were seeded onto poly-d-lysine-coated coverslips, transfected with pcDNA3-FLAG-ART-27, and, 24 h later, washed five times with PBS and fixed in 4% paraformaldehyde in PBS for 20 min at room temperature (RT). Cells were then permeabilized with 0.2% Triton X-100 in PBS for 20 min and incubated in 100 l of the FLAG monoclonal antibody (M2) diluted to a concentration of 2 g/ml in blocking solution (5% BSA/Tris-buffered saline [TBS] for 2 h at RT. Cells were washed five times in 1 ml of 0.1% Triton X-100 in PBS, followed by incubation with goat anti-mouse fluorescein-conjugated secondary antibody (Vector Labs, Burlingame, CA) diluted in blocking solution, for 1 h at RT. Secondary antibody was removed by washing the cells five times in 0.1% Triton X-100 in PBS and three times in PBS. Nuclei were stained with 1 g/ml Hoechst dye H334211 for 10 min, followed by one wash with PBS. Coverslips were mounted onto Citifluor (Ted Pella, Redding, CA), and the fluorescein and Hoechst signals were visualized and photographed using an Axioplan 2 microscope (Zeiss, Thornwood, NY).
Immunohistochemistry
An indirect immunoperoxidase method was used to identify ART-27 in LNCaP and PC-3 tumors grown in nude mice (xenografts). The LNCaP and PC-3 tumor xenografts were removed from the mice and fixed for 2 h in 4% paraformaldehyde in PBS (pH 7.4) at RT. The tissue was dehydrated through ethanol, cleared in chloroform, and embedded in paraffin. Tissue sections (5-m) were serially cut on a microtome and mounted on slides. Sections were dewaxed in xylene, rehydrated, and washed in TBS, pH 7.4. For antigen retrieval, paraffin sections were heated in a microwave oven for 15 min (900 W, high power) in Target Retrieval Solution (Dako, Carpinteria, CA), cooled, and treated with 3% H 2 O 2 for 15 min, rinsed with H 2 O, and blocked with 20% normal goat serum for 30 min. Sections were incubated with affinity-purified ART-27 antibody (1:100 dilution) in 10% normal goat serum and washed in TBS; a rabbit secondary biotinylated antibody was added and an avidinbiotin complex formed and developed using diaminobenzidine substrate. Slides were counterstained with hematoxylin.
Velocity Gradient Sedimentation
HeLa cell nuclear extracts (ϳ100 l of 13 mg/ml) were loaded on top of a 5-ml linear 15-35% (vol/vol) glycerol gradient, with or without 2.4 M urea and centrifuged at 4°C in a SW50.1 rotor (Beckman Coulter, Fullerton, CA) for 12 h at 40,000 rpm (Tanese, 1997) . Ten 0.5-ml fractions were collected from the top of the tube and analyzed by immunoblotting using rabbit anti-ART-27 or anti-TBP mouse monoclonal antibody.
RESULTS
Cloning and Characterization of ART-27
To identify proteins that interact with the AR N terminus, we elected to screen for interacting proteins using a yeast two-hybrid system. However, the AR N terminus shows strong transcriptional activity in yeast when fused to the LexA DNA-binding domain, making it unsuitable as a bait in a conventional yeast two-hybrid screen. Therefore, we modified the two-hybrid system to allow for the selection of proteins that interact with transcriptional activators. With this approach, the AR N-terminal bait is created by linking amino acids 18 -500 to a heterologous activation domain. The prey is created by fusing a cDNA library to a DNAbinding domain rather than an activation domain as done in a conventional yeast two-hybrid system. An androgen-stimulated LNCaP prostate cancer cell cDNA library fused to the LexA DNA-binding domain was screened for proteins that interact with the AR N terminus, expressed as a galactoseinducible fusion protein linked to the B42 activation domain. Library proteins that interact with the AR N terminus will serve to reconstitute transcriptional activity, stimulating expression of Lex-responsive Leu2 and ␤-galactosidase reporter genes. However, because some library plasmids may posses intrinsic activation potential, rendering them transcriptionally active when bound to DNA, a second screen was performed to eliminate these self-activating false positives by replica plating the Leu2 ϩ /LacZ ϩ colonies onto glu-cose plates, conditions in which the AR protein is not expressed. Clones that activated the ␤-galactosidase reporter gene on both glucose and galactose plates were discarded as false positives. Colonies that activated ␤-galactosidase expression on galactose plates, when the AR N terminus is expressed, but not glucose plates, were deemed true interactors and were further analyzed. Several positive clones were identified, one of which was termed ART-27 (androgen receptor trapped clone 27). The clone from the yeast two-hybrid assay corresponded to the full-length cDNA and contained an insert of ϳ900 bp, in which the largest open reading frame (ORF) encoded a protein of 157 amino acids with an estimated size of 18 kDa. A BLAST search of the GenBank database revealed that ART-27 is located on the X chromosome (Xp11. 23-11.22) and is identical to a recently identified ORF of unknown function, termed ubiquitously expressed transcript (UXT; accession no. AF092737), which is prevalent in tumor tissues (Schroer et al., 1999) . The ART-27 protein contains potential phosphorylation sites for protein kinase A, protein kinase C and casein kinase II but no other obvious motifs as determined by PROSITE ( Figure 1B ; Hofmann et al., 1999) . Secondary structure prediction algorithms suggest that ART-27 is composed of multiple, successive ␣ helices (Chou and Fasman, 1978; Garnier et al., 1978) . ART-27 also appears to be conserved throughout evolution, with model organisms Mus musculus (accession no. AF092738), Arabidopsis thaliana (accession no. AC006535), Drosophila melanogaster (accession no. AE003412), and Caenorhabditis elegans (accession no. U40934), displaying 79, 55, 49, and 26% identity, respectively, with human ART-27. Interestingly, ART-27 showed no significant homology to Saccharomyces cerevisiae proteins, suggesting that ART-27 first arose in metazoans, as did nuclear receptors (Amero et al., 1992; Owen and Zelent, 2000) .
A polyclonal antibody was made against the ART-27 C terminus. Immunoblot analysis of HeLa and PC-3 cell nuclear extracts show that the antibody recognizes a single endogenous protein with an estimated molecular mass of ϳ18 kDa that migrates at the same apparent molecular weight as the cloned ART-27 expressed in COS-1 cells (Figure 1B, compare lanes 1, 4, and 6 ), confirming that the ORF 32 Plabeled probes corresponding to ART-27 (top) and ␤-actin (bottom). Total RNA was extracted from PC-3 and LNCaP cells cultured in the absence or presence of the indicated doses of androgen (R1881) for 72 h. Equal amounts of RNA were separated on denaturing formaldehyde-agarose gels (see MATE-RIALS AND METHODS), transferred to a Duralon nylon membrane, and hybridized to 32 P-labeled cDNA probes corresponding to ART-27 (right). Equal loading for each lane was determined by ethidium bromide staining of the 28S rRNA (Markus, Taneja, Logan, Li, Ha, Hittelman, Rogatsky, and Garabedian, unpublished results). (D) ART-27 subcellular localization. HeLa cells were transfected with an FLAG-ART-27 expression construct, fixed, permeabilized, and incubated with an anti-FLAG primary antibody and a corresponding fluorescein-conjugated secondary antibody, and the DNA in nucleus was stained with Hoechst dye H334211. Cells were visualized using a Zeiss Axioplan 2 fluorescence microscope. No signal above background was observed when the primary antibody was omitted (Markus, Taneja, Logan, Li, Ha, Hittelman, Rogatsky, and Garabedian, unpublished results) or in nontransfected cells. Note that the FLAG-ART-27 fluorescence is localized predominantly to the nucleus. (E) Expression pattern of endogenous ART-27 in human PC-3 and LNCaP prostate cancer cell xenografts. Immunohistochemical analysis of paraffin-embedded PC-3 (left) and LNCaP (right) human prostate cancer cell xenografts hybridized with affinity-purified ART-27 antibody is shown (200ϫ). Immunoreactivity, seen as brown staining within the nuclei of these cells, is blocked by coincubation of the antibody with the ART-27 peptide immunogen (Markus, Taneja, Logan, Li, Ha, Hittelman, Rogatsky, and Garabedian, unpublished results).
predicted from sequence analysis was indeed ART-27. No difference in ART-27 expression was observed between untreated and TPA-treated HeLa nuclear extracts ( Figure 1B , compare lanes 1 and 2), suggesting that activation of protein kinase C does not affect ART-27 expression or electrophoretic mobility indicative of phosphorylation. However, a slight increase in ART-27 expression was observed in serumstimulated HeLa nuclear extracts as compared with untreated control cells ( Figure 1B, compare lanes 1 and 3) , suggesting that ART-27 expression may be regulated by extracellular signals or through the induction of cellular proliferation.
Northern hybridization analysis was carried out to determine the expression pattern of ART-27 mRNA in human tissues. A single transcript of ϳ0.9 kb is present at variable levels in the human tissues examined, with the highest levels in the heart, skeletal muscle, kidney, liver, adrenal gland, lymph node, prostate, and thyroid and the lowest levels in bladder and uterus. We also performed Northern blot analysis on mRNA isolated from androgen-independent (PC-3) and androgen-dependent (LNCaP) prostate cancer cells, either untreated or treated for 72 h with the synthetic androgen R1881 at the indicated concentrations ( Figure 1C ). ART-27 steady-state mRNA expression is slightly higher in PC-3 relative to LNCaP cells and is weakly induced in LNCaP cells in response to androgen.
To investigate the subcellular localization of ART-27, we performed indirect immunofluorescence on HeLa cells transfected with FLAG-tagged ART-27. FLAG-ART-27 localized predominantly to the nucleus, although some diffuse staining was apparent in the cytoplasm of cells expressing high levels of the protein ( Figure 1D ). Immunohistochemical staining with affinity-purified ART-27 antibody performed on sections of human PC-3 and LNCaP cell xenograft tumors demonstrated strong nuclear staining for endogenous ART-27 ( Figure 1E) ; staining was blocked by coincubation of the antibody with the ART-27 peptide immunogen (Markus, Taneja, Logan, Li, Ha, Hittelman, Rogatsky, and Garabedian, unpublished results), demonstrating the specificity of the antibody-antigen interaction. Interestingly, ART-27 appears to be expressed in a subset of cells from the xenografts. Although we did not investigate the reason for this heterogeneous staining of ART-27, it may reflect cell cycle regulation or other cellular parameters. Regardless, such predominant nuclear distribution of ART-27 is consistent with its role as a putative transcriptional regulatory protein.
ART-27 Interacts with AR In Vitro and in Cell Extracts
To confirm the results of the two-hybrid screen by an independent biochemical method, we examined whether AR and ART-27 proteins bind tightly enough to each other to be coimmunoprecipitated and whether the interaction was affected by androgen treatment. The ability of ART-27 and AR to interact was first tested in vitro. Full-length AR and HA-ART-27 were expressed in a coupled transcription/ translation system and immunoprecipitated with an antibody against the HA epitope on ART-27. In vitro translated AR was precipitated with the HA antibody in the presence, but not in the absence, of HA-ART-27 in a hormone-independent manner (Figure 2A ). We next tested the ability of ART-27 to interact with endogenous AR in LNCaP cells that express ART-27 in an inducible manner. Nuclear extracts from untreated or R1881-treated LNCaP cells were subjected to immunoprecipitation with anti-ART-27 antibody and analyzed by immunoblotting with antibodies to AR and ART-27. AR was coimmunoprecipitated by the ART-27 antibody but not by preimmune serum in both the absence and presence of hormone, with slightly more AR found in association with ART-27 upon hormone treatment ( Figure 2B ). As expected, ART-27 was also immunoprecipitated by the anti-ART-27 antibody in either the presence or absence of hormone ( Figure 2B ). These results demonstrate the presence of an AR-ART-27 complex in LNCaP cells and substantiate the interaction observed in the yeast two-hybrid system.
ART-27 Interaction Specificity
To analyze the specificity of AR:ART-27 interaction, we examined the capacity of ART-27 to associate with a panel of transcriptional regulatory proteins in the yeast two-hybrid system, including the AR C-terminal ligand-binding domain (LBD), the AF-1 region of the GR, ER␣, the steroid receptor coactivator-1 (SRC-1), the TBP-associated factor 130 (TAF II 130), the Sp1 (A and B domains), the cyclic AMP response element-binding protein (CREB), and VP16. As shown in Figure 3 , ART-27 interacts with the AR N terminus and weakly with the GR N terminus, as well as with ER␣, Sp1, and TAF II 130 (rank order of interaction: AR N terminus 18 -500 Ͼ TAF II 130 Ͼ Sp1B Ͼ ER␣ ϭ Sp1A Ͼ GR N terminus) but not with SRC-1, CREB, VP16, or the AR or GR LBD in either the absence or presence of hormone. Proteins that did not interact with ART-27 have been shown to interact with other factors, suggesting that the lack of interaction with ART-27 is genuine. For example, SRC-1 has been shown to interact with ER␣, whereas the AR and GR LBDs associate with GRIP-1, and CREB interacts with TAF II 130 in the yeast two-hybrid system (Shibata et al., 1997; Saluja et al., 1998; Hong et al., 1999) . Thus, our results indicate that ART-27 interacts not only with the AR N terminus but also with at least two other SRs and with certain other transcriptional regulators, including TAF II 130.
ART-27 Interacts with AR 153-336
To characterize the interaction of AR with ART-27 in more detail, various AR N-terminal deletion constructs were produced and their ability to interact with ART-27 was tested in the yeast two-hybrid assay. As shown in Figure 4A , ART-27 interacts with two different regions of AR: the central region of the AR N terminus (AR ), encompassing all of AF-1a (residues 154 -167), and a small part of AF-1b (residues 295-459), and it interacts strongly with ART-27; a weak interaction between ART-27 and the AR 336 -500 subdomain was also observed, whereas no interaction was detected between ART-27 and AR 18 -156 . Immunoblot analysis of the AR 18 -156, AR , and AR 336 -500 derivatives indicates that , and other transcriptional regulatory factors was analyzed using the modified yeast two-hybrid assay. Regulatory factors examined include the GR AF-1 (rat GR 107-237 ), GR 30IIB (rat GR 107-237 E219K, F220L, W234R), SRC-1 (SRC-1 374 -800 ), GR LBD (rat GR 525-795 ), TAF II 130 (TAF II 130 270 -700 ), Sp1 A (Sp1 83-262 ), Sp1 B (Sp1 263-524 ), CREB-N (CREB 3-296 ), ER␣(ER␣ 1-595 ), and VP16. The strength of interaction was determined by a quantitative liquid ␤-galactosidase assay after a 24-h incubation in galactose medium at 30°C and normalized to protein expression using the common HA epitope resident on each protein. The background from the vector-only control was subtracted from each sample. The interaction with ER␣ was observed in the presence, but not the absence (Markus, Taneja, Logan, Li, Ha, Hittelman, Rogatsky, and Garabedian, unpublished results), of 100 nM 17␤-estradiol. No interaction was observed with AR LBD and the GR LBD in either the presence or absence of 100 nM R1881 and 10 M deoxycorticosterone, the preferred GR ligand in yeast (Garabedian and Yamamoto, 1992) . ART-27 deletion derivatives fused to LexA were tested for their ability to interact with the AR N terminus (AR 18 -500 ) using a qualitative ␤-galactosidase plate assay after a 24-h incubation on galactose X-gal plates at 30°C. ϩ, strong interactions (blue colonies); Ϫ, no interactions above background vector-only control (white colony). Left, an immunoblot of the ART-27 derivatives expressed in yeast and probed with an antibody against the LexA moiety common to all ART-27 truncations.
they are expressed at similar levels (Markus, Taneja, Logan, Li, Ha, Hittelman, Rogatsky, and Garabedian, unpublished results). These findings suggest that the AR 153-336 region is the primary interaction site for ART-27.
In an attempt to localize the region of ART-27 that interacts with the AR N terminus, we created a series of ART-27 deletion derivatives. ART-27 derivatives containing amino acids 1-45, 1-67, 1-127, 46 -157, 68 -157, 127-157, 1-157 , and 1-45/127-157 were expressed as fusion proteins with LexA and analyzed for their ability to interact with AR 18 -500 in the modified yeast two-hybrid assay. Surprisingly, none of the deletion derivatives interacted with AR 18 -500 ( Figure 4B ), even though all of them were expressed ( Figure 4B, left) . This result suggests that either ART-27 requires multiple contacts for interaction with the AR N terminus or that the entire protein is involved in configuring a functional ARinteracting surface.
ART-27 Is Involved in Steroid and Thyroid Hormone Receptor Transcriptional Activation
A transient transfection assay was used to examine the role of ART-27 in the regulation of AR transcription activation. AR-deficient HeLa cells were transfected with a constant amount of full-length AR and increasing concentrations of an expression vector encoding an HA-ART-27 along with an AR-responsive luciferase reporter gene. As shown in Figure  5A , the hormone-induced AR transcriptional activation was increased in a dose-dependent manner by overexpressed ART-27. This effect was AR-dependent, because in the absence of AR, ART-27 did not influence reporter gene activity ( Figure 5A ). This enhanced transcriptional activity did not result from increased AR protein production, because AR levels were not affected by ART-27 coexpression (Markus, Taneja, Logan, Li, Ha, Hittelman, Rogatsky, and Garabedian, unpublished results). The effect of ART-27 on AR was not restricted to a single cell type, because overexpression of ART-27 in PC-3 and COS-1 cells also increased AR transcriptional activity in a dose-dependent manner (Markus, Taneja, Logan, Li, Ha, Hittelman, Rogatsky, and Garabedian, unpublished results). Thus, ART-27 can act as a positive regulator of AR transcriptional activity in mammalian cells.
The ability of ART-27 to affect transactivation by other members of the SR family, i.e., GR, ER␣, ER␤, and the TR␤-1, was tested using transient transfection assays. Our results indicate that ART-27 increased the transcriptional activity of all four receptors in a dose-dependent manner ( Figure 5 , Figure 5 . ART-27 enhances steroid and thyroid receptor-dependent transcriptional activation. HeLa cells (1.2 ϫ 10 5 cells/35-mm dish) were transiently transfected using Lipofectamine with paired receptor (0.2 g/dish) and reporter constructs (0.1 g/ dish) for hAR ϩ MMTV-Luc (A), GR ϩ MMTV-Luc (B), ER␣ and ER␤ ϩ XETL (C), and human TR␤-1 ϩ pGL3-DR4 (D) along with the indicated amount of ART-27 or empty expression vector to equalize the total amount of DNA per dish and 0.05 g of pCMVLacZ per dish as an internal control for transfection efficiency. Cells were treated with 100 nM R1881 (A), 100 nM dexamethasone (Dex; B), 10 nM 17␤-estradiol (E2; C), 100 nM triac (T3, D), or the ethanol vehicle (white bars) for 12 h, and receptor transcriptional activation was assayed as described in MA-TERIALS AND METHODS, normalized to ␤-galactosidase activity, and expressed as relative luminescence units (RLU). The average of three independent experiments and SE is shown. (E) ART-27 does not affect transactivation by VP16. HeLa cells were transfected as above with an expression construct for GAL4-VP16 and a reporter plasmid containing five Gal4-binding sites upstream of the E1b promoter, in the absence (white bars) or presence (gray bars) of 1 g of ART-27, and assayed for luciferase activity. (F) ART-27 failed to activate transcription when tethered to DNA. HeLa cells were transfected as above with expression constructs for LexA, LexA-ART-27, or LexA-AR 18 -500 and the p⌬4X-LALO reporter plasmid and assayed for luciferase activity.
B-D). We next tested the effect of ART-27 on VP16-dependent transactivation. Recall that VP16 did not interact with ART-27 in the yeast two-hybrid assay. Consistent with this lack of interaction, ART-27 expression had no effect on GAL4-VP-16 activity from a reporter plasmid containing five Gal4-binding sites upstream of the E1b promoter (Figure 5E) . Together, these results suggest that ART-27 increases transactivation by steroid and thyroid hormone receptors.
We also examined the ability of ART-27 to activate transcription when artificially recruited to promoters in mammalian cells. Our results indicate that recruitment of ART-27 to a promoter by fusing it to either the Gal4 (Markus, Taneja, Logan, Li, Ha, Hittelman, Rogatsky, and Garabedian, unpublished results) or LexA ( Figure 5F ) DNA-binding domain fails to activate transcription, even though the proteins were expressed (Markus, Taneja, Logan, Li, Ha, Hittelman, Rogatsky, and Garabedian, unpublished results) . In fact, transcriptional activation of the LexA-ART-27 derivative was slightly reduced relative to LexA, suggesting that ART-27 may interact with and sequester factor(s) responsible for "basal" promoter activity. Thus, ART-27 lacks an intrinsic transactivation function. This may suggest that ART-27 is unable to overcome a rate-limiting step in transcription when artificially recruited to a promoter or, alternatively, that ART-27 is only one target of the AR and that the receptor requires multiple targets to recruit mammalian Pol II and initiate transcription.
Enhanced AR-dependent Transcriptional Activation by ART-27 Is Mediated Through a Distinct Receptor N-Terminal Domain
Because ART-27 interacts strongest with the AR subdomain spanning amino acids 153-336 ( Figure 4A ), we expect that it would affect the transcriptional activation potential of this AR subdomain. To determine whether ART-27 could affect the function of the different AR subdomains, AR N-terminal derivatives containing amino acids 18 -156, 153-336, 336 -500 , and 18 -500 were expressed as fusion proteins with the LexA DNA-binding domain. HeLa cells were transfected with the LexA-AR N-terminal derivatives, along with a LexA-responsive luciferase reporter gene in the presence and absence of ART-27. In the absence of ART-27 coexpression, all four subdomains of the AR N terminus are capable of activating transcription of the LexA-luciferase reporter gene to varying degrees ( Figure 6A ). Importantly, overexpression of ART-27 enhances the transcriptional activity of two AR derivatives containing the ART-27 interaction region, LexA-AR 153-336 and Lex-AR 18 -500 , but not that of the derivatives lacking this region, LexA-AR 18 -156 and LexA-AR 336 -500 . In fact, transcriptional activation of the LexA-AR 336 -500 derivative was slightly reduced by ART-27 overexpression, suggesting that ART-27 may interact with and sequester a factor responsible for AR transactivation via the 336 -500 subdomain. Immunoblotting with an antibody against the LexA moiety common to all derivatives indicates that expression of these chimeras is unaffected by coexpression of ART-27 in HeLa cells ( Figure 6B ). These results suggest that the enhancement of AR transcriptional activation by ART-27 is mediated via the ART-27-interacting region.
ART-27 Is Part of a High Molecular Weight Complex
Several transcriptional regulatory cofactors have been identified as components of multiprotein complexes. We therefore examined whether ART-27 is part of a higher-order species using velocity gradient sedimentation. HeLa cell nuclear extracts were applied to 15-35% glycerol gradients, either containing or lacking 2.4 M urea. After centrifugation, fractions were collected and analyzed by immunoblotting with antibodies specific for ART-27 or TBP. Previous work has shown that TAFs and TBP exist in a complex, which can be dissociated with urea (Tanese et al., 1991) . It has been shown that the larger, faster sedimenting species corresponds to TBP and TAFs binding together as TFIID, whereas the smaller, slower migrating peak represents additional non-TFIID TBP complexes (Tanese et al., 1991) . As expected, under native conditions, TBP sedimented at the bottom, in Figure 6 . The effect of ART-27 on AR transcriptional activation is dependent on the AR-interacting region. (A) HeLa cells were transfected with 0.5 g of the pcDNA3LexA:AR N-terminal derivatives indicated and either 1.0 g of the empty expression vector (white bars) or 1.0 g pcDNA3-HA-ART-27 (gray bars) along with 1.0 g of the LexA responsive-luciferase reporter (p⌬4X-LALO) and 0.25 g of pCMV-LacZ, and AR activity was determined as described in Figure 5 . Data represent the means of duplicate data points normalized to ␤-galactosidase units. Error bars represent the range of the duplicate data points. (B) The expression of the LexA:AR derivatives was analyzed by immunoblotting from a parallel set of transfections using a polyclonal antibody to LexA. the high-density region of the gradient in two discrete peaks. Under native conditions, a majority of ART-27 also migrated within the high-density region of the gradient (estimated range of molecular mass between 240 and 700 kDa; Figure  7 ). In the presence of 2.4 M urea, the sedimentation patterns of TBP and ART-27 were shifted to the top of the gradient (Figure 7) . The change in mobility of TBP is in agreement with previous results demonstrating the sedimentation profile of dissociated TFIID (Tanese et al., 1991) . These results are consistent with the idea that ART-27 is part of a high molecular weight complex, the components of which have yet to be identified.
DISCUSSION
We have identified ART-27 as a protein that interacts with the AR N-terminal subdomain spanning amino acids 153-336, including AF-1a (154 -167) and a part of , and enhances AR transcriptional activation when overexpressed in mammalian cells. The ability of ART-27 to affect AR transcriptional activation is dependent on the ART-27:AR-interacting region, because only the AR N-terminal derivatives containing the interaction domain are enhanced by ART-27 coexpression. Thus, ART-27 represents a novel AR N terminus-associated coactivator.
ART-27 was originally identified as a novel transcript in a screen for genes that map to the human Xp11 locus, a region previously shown to contain an abundance of disease loci (Schroer et al., 1999) . However, the designation of ART-27 as a ubiquitously expressed transcript is misleading because the level of ART-27 mRNA varies widely among tissues examined ( Figure 2C ). Interestingly, ART-27 and AR reside in an amplicon found in a subset of hormone-refractory prostate cancers, suggesting that ART-27 may play a role in AR-dependent prostate tumorigenesis (Visakorpi et al., 1995a,b) .
Although we have localized the region of the AR N terminus (residues 153-336) necessary for interaction with ART-27, homology searches among the other receptors affected by ART-27 have not revealed a common ART-27 interaction motif. We are currently testing whether single amino acid substitutions in the AR N terminus that have been implicated in androgen insensitivity syndrome affect interaction with ART-27. The amino acid alternations in the AR N terminus identified in androgen insensitivity syndrome patients likely represent AR loss-of-function mutations, which have reduced AR activity possibly because of the loss of receptor-cofactor interactions. This approach might help pinpoint the residues of AR that interact with ART-27, which in turn will help define the corresponding sites in the other receptors.
Deletion analysis of ART-27 failed to define a distinct interaction surface within ART-27 that mediates association with the receptor. One plausible explanation is that ART-27 may associate with the AR N terminus through multiple low-affinity interactions, and removal of any one of these contacts renders ART-27 incapable of binding. Alternatively, the entire ART-27 may be involved in configuring a functional protein and its integrity may be compromised upon deletion of any region. Whether ART-27 contains independent interaction surfaces for AR or consists of multiple regions that function together to coordinate the tertiary structure of the protein will require a detailed structure-function analysis, which is currently underway.
The ART-27 primary amino acid sequence as well as the predicted secondary structure composed of tandem ␣-helices appears conserved from worms to humans. Although the function of the ART-27 orthologs has yet to be determined, our findings suggest a link to nuclear receptor function as a potential coactivator protein. Recently, the taiman gene of Drosophila, a protein involved in cell migration, was found to be homologous to the mammalian p160 coactivator AIB1 and to function as a coactivator for the ecdysone receptor (Bai et al., 2000) . Thus, like taiman, ART-27 may represent an evolutionarily conserved transcriptional cofactor that regulates a wide array of responses controlled by nuclear receptors.
The mechanism by which ART-27 affects AR-mediated transcriptional activation remains to be defined. ART-27, a comparatively small protein with a predicted molecular mass of ϳ18 kDa, has little transcriptional activation ability when tethered to DNA, suggesting that it does not harbor an intrinsic transactivation function. This may seem unusual for a transcriptional cofactor; however, recent studies by Dorris and Struhl (2000) demonstrate that several components of the RNA Pol II holoenzyme are not transcriptionally active when tethered to DNA. Because ART-27 migrates in velocity gradient sedimentation analysis as a large molecular weight species (Figure 7) , we speculate that ART-27 may represent a subunit of a previously characterized (such as DRIP/TRAP/ARC; Fondell et al., 1996; Rachez et al., 1998 Rachez et al., , 1999 Naar et al., 1999) or novel multiprotein coactivator complex. Our preliminary findings suggest that the purified DRIP complex does not contain an ART-27 immunoreactive species by Western blot, suggesting that ART-27 is not part of the DRIP complex (S. M. Markus, L.P. Freedman, and M.J. Garabedian, unpublished observation). ART-27 also interacts with TAF II 130 in the yeast two-hybrid assay, suggesting that ART-27 may communicate with at least one other transcriptional regulatory cofactor. Interestingly, TAF II 130 itself appears to interact with and increase transcriptional activation of AR via a distinct N-terminal subreigon (Taneja and Garabedian, unpublished observation). Additional studies Figure 7 . Native ART-27 is part of a high molecular weight complex. Nuclear extracts were prepared from HeLa cells and loaded onto linear 15-35%glycerol gradients with or without 2.4 M urea. Fractions were collected and analyzed by Western blot using affinity-purified ART-27 polyclonal or TBP monoclonal antibodies. Migration of molecular mass markers is indicated: 45-and 68-kDa albumin, 158-kDa aldolase, 240-kDa catalase. The molecular mass estimate of TFIID is 700 kDa (Tanese et al., 1991). are needed to determine the components of this putative ART-27-containing complex as well as the mechanism of ART-27 function.
The AR N terminus appears to be a multifaceted platform capable of interacting with a variety of transcriptional regulatory proteins, including ART-27, which likely collaborate to regulate gene-and tissue-specific responses to AR. Consistent with this notion, the coactivators SRC-1, GRIP-1, and CBP have recently been shown to interact with the AR N terminus and modulate its activity (Ikonen et al., 1997; Alen et al., 1999; Bevan et al., 1999; Ma et al., 1999) . Although ART-27 is expressed in a wide variety of tissues, distinct cofactor combinations in target tissues may result in cellspecific regulation of AR. Thus, based on its nuclear localization, its binding to the AR N terminus, and its ability to potentiate steroid and thyroid hormone receptor-dependent transcription in cultured cells, ART-27 represents a new class of coactivator proteins.
